Synaptic vesicle (SV) exo-and endocytosis are tightly coupled to sustain neurotransmission in presynaptic terminals, and both are regulated by Ca 2+ . Ca 2+ influx triggered by voltage-gated Ca 2+ channels is necessary for SV fusion. However, extracellular Ca 2+ has also been shown to be required for endocytosis. The intracellular Ca 2+ levels (<1 mM) that trigger endocytosis are typically much lower than those (>10 mM) needed to induce exocytosis, and endocytosis is inhibited when the Ca 2+ level exceeds 1 mM. Here, we identify and characterize a transmembrane protein associated with SVs that, upon SV fusion, localizes at periactive zones. Loss of Flower results in impaired intracellular resting Ca 2+ levels and impaired endocytosis. Flower multimerizes and is able to form a channel to control Ca 2+ influx. We propose that Flower functions as a Ca 2+ channel to regulate synaptic endocytosis and hence couples exo-with endocytosis.
SUMMARY
Synaptic vesicle (SV) exo-and endocytosis are tightly coupled to sustain neurotransmission in presynaptic terminals, and both are regulated by Ca 2+ . Ca 2+ influx triggered by voltage-gated Ca 2+ channels is necessary for SV fusion. However, extracellular Ca 2+ has also been shown to be required for endocytosis. The intracellular Ca 2+ levels (<1 mM) that trigger endocytosis are typically much lower than those (>10 mM) needed to induce exocytosis, and endocytosis is inhibited when the Ca 2+ level exceeds 1 mM. Here, we identify and characterize a transmembrane protein associated with SVs that, upon SV fusion, localizes at periactive zones. Loss of Flower results in impaired intracellular resting Ca 2+ levels and impaired endocytosis. Flower multimerizes and is able to form a channel to control Ca 2+ influx. We propose that Flower functions as a Ca 2+ channel to regulate synaptic endocytosis and hence couples exo-with endocytosis.
INTRODUCTION
At presynaptic nerve terminals, synaptic vesicle (SV) exocytosis and endocytosis are temporally and spatially coupled to sustain transmitter release. At rest, intracellular Ca 2+ concentrations are estimated to be between $40 and 80 nM (Guo et al., 2005; Xiong et al., 2002) . However, in response to nerve stimuli, membrane depolarizations activate voltage-gated Ca 2+ channels (VGCCs) localized at active zones (Catterall and Few, 2008; Lisman et al., 2007) , leading to local intracellular peaks of $10-100 mM to trigger SV fusion (Adler et al., 1991; Heidelberger et al., 1994; Schneggenburger and Neher, 2000) . This high local Ca 2+ level decays very rapidly to allow a new stimulus to evoke a new round of release within milliseconds.
Ca
2+ is also thought to play a critical role in SV endocytosis (Cousin and Robinson, 1998; Gad et al., 1998; Guatimosim et al., 1998; Klingauf et al., 1998; Marks and McMahon, 1998; Neale et al., 1999; Sankaranarayanan and Ryan, 2001) , although the intracellular Ca 2+ concentration ([Ca 2+ ] i ) that initiates endocytosis is much lower than that which triggers exocytosis (Cousin and Robinson, 2000; Marks and McMahon, 1998) . Moreover, endocytosis is abolished above 1mM [Ca 2+ ] i in synaptic terminals (von Gersdorff and Matthews, 1994) . Hence, endocytosis seems to be triggered in a narrow and low [Ca 2+ ] i range. Massive exocytosis can be induced by black widow spider venom (Henkel and Betz, 1995) , caffeine (Zefirov et al., 2006) , and veratridine (Kuromi and Kidokoro, 2002) in the absence of extracellular Ca 2+ . However, extracellular Ca 2+ is necessary to initiate endocytosis in these paradigms, suggesting that a Ca 2+ influx independent of VGCCs is critical to trigger endocytosis. Some data indicate that Calmodulin may function as a highaffinity sensor required for endocytosis (Cousin, 2000) , and that the Ca 2+ /Calmodulin-dependent phosphatase, Calcineurin, forms a complex with Dynamin I at $1 mM Ca 2+ to promote endocytosis (Lai et al., 1999) . Finally, Kuromi et al. proposed that a Ca 2+ channel must be present at Drosophila neuromuscular junctions (NMJs) to promote endocytosis (Kuromi et al., 2004 ). These observations suggest that an unknown Ca 2+ channel may specifically regulate SV retrieval. However, how endocytosis is coupled to exocytosis remains a major question in the SV cycle field. Here, we report the identification of a protein that has not been previously characterized in any species and whose loss affects endocytosis. It contains three or four transmembrane domains and is associated with SVs. Upon fusion of the SVs with the presynaptic membrane, the protein is present in the periactive zones, where endocytosis is known to occur. The protein contains a 9 aa motif in the second transmembrane domain with homology to selectivity filters described in VGCCs and Transient Receptor Potential channels (TRPV5 and 6). We present evidence that it mediates Ca 2+ entry in heterologous salivary gland cells and radioactive proteoliposomes. In addition, its loss also affects resting Ca 2+ levels in presynaptic terminals.
RESULTS

Identification of a New Complementation Group that Affects Synaptic Transmission
To identify proteins that affect synaptic transmission in Drosophila, we performed an unbiased forward genetic screen using ethyl methanesulfonate (EMS) on chromosome 3L. We utilized the eyFLP/FRT system in combination with electroretinogram (ERG) recordings to isolate mutants in which there is a loss of ''on-off'' transients ( Figure 1A ) (Stowers and Schwarz, 1999) . We identified several complementation groups from about 49,017 flies screened for this defect (Ohyama et al., 2007) , including the one discussed here. Mutants of one lethal complementation group (3L5) consisting of two alleles, DB25 and DB56, are homozygous lethal. Mutant eyes induced by eyFLP/FRT are morphologically normal (data not shown). However, they display impaired ''on-off'' transients in ERGs and slightly reduced depolarizations ( Figure 1A) . Loss of ''on-off'' transients could be due to a developmental or transmitter release defect. We therefore determined whether photoreceptors (R) exhibit axon guidance defects by staining optic lobes for Chaoptin (Zipursky et al., 1984) , a photoreceptor membrane specific protein. The synaptic patterns of R7 and R8 photoreceptor subtypes in wild-type control and mutant medulla are indistinguishable ( Figures 1B-1D ), suggesting that mutations in the 3L5 group do not affect neuronal development and axon guidance. To examine whether the 3L5 alleles affect the ultrastructure of the R1-R6 photoreceptor axon terminals, we carried out transmission electron microscopy (TEM) in the lamina. The data are summarized in Figure S1 available online. The key observation is that the number of SVs is decreased in 3L5 mutants. In addition, we observed aberrant sizes and numbers of capitate projections. Capitate projections (CP) are glial invaginations that have been implicated in endocytosis in R terminals and a reduced number of SVs in R terminals have so far only been described in the endocytic mutant shibire ts (Fabian-Fine et al., 2003) . These data suggest that endocytosis may be impaired in the 3L5 mutant photoreceptors.
3L5 Corresponds to CG6151, a Gene Encoding a Protein with Three or Four Transmembrane Domains
To identify the gene, we mapped the molecular lesions in 3L5 mutants ( Figure S2A ) . We identified a P element, P{EPgy2}CG6151 EY08496 (P) , integrated in the 5 0 UTR of CG6151, that causes semilethality and fails to complement the lethality of both 3L5 alleles, suggesting that 3L5 corresponds to CG6151 (Figures 1E and 1H ). CG6151 encodes three potential alternatively spliced isoforms, CG6151-RA, -RB, and -RC (Tweedie et al., 2009) . The proteins are predicted to contain three or four transmembrane (TM) domains with distinct C termini ( Figures 1E, 1F , and S2B). CG6151 is conserved from worm to human and exhibits 39% identity and 61% similarity between amino acids 25 and 150 of the fly and human homologs ( Figure 1G ).
The DB25 allele contains a G128D mutation, whereas the DB56 allele contains a premature stop codon, Q24* ( Figures 1F  and 1G ). These mutations are responsible for the phenotypic defects discussed below, as an 8.2 kb genomic construct rescues the lethality and ERG defects of the mutants ( Figures  1A, 1E , and 1H). Complementation tests and lethal phase assays suggest the following allelic series: p < DB25 < DB56 = Df ( Figure 1H ). Note that the lethality of all allelic combinations shown in Figure 1H is rescued by the 8.2 kb construct. The DB56 premature stop codon is probably the most severe allele.
The Protein Encoded by CG6151 Localizes to SVs and Periactive Zones CG6151 is expressed in the central nervous system (CNS) starting at embryonic stage 13 (data not shown and Figures S2C and  S2D ). To determine which isoforms are expressed and required in the nervous system, we expressed the RA, RB, and RC isoforms under the control of the pan-neuronal driver elav-GAL4. We assessed their ability to rescue the lethality and ERG defects associated with the 3L5 mutants. The RA and RB isoforms, but not the RC isoform, are able to efficiently rescue lethality, suggesting that they are mainly required in the nervous system. Expression of RA and RB with the photoreceptor-specific driver GMR-GAL4 also rescues the ERG defects ( Figure 1A ), indicating that CG6151 is expressed and necessary in photoreceptor cells.
To determine the subcellular localization of the three isoforms, we tagged a single genomic rescue construct with three different tags at the different C termini (FLAG for RA, HA for RB, and MYC for RC). Another genomic rescue construct was tagged with three fluorescent tags (YFP for RA, GFP for RB, and RFP for RC) ( Figure 1E ). These two genomic constructs rescue the lethality associated with 3L5 mutants. We only observed expression of the protein B form tagged with HA (PB-HA) and GFP (PB-GFP) in the neuropils of embryonic, larval, adult CNS, and R1-R6 terminals ( Figures S2E-S2L and data not shown), but we did not detect staining for the PA-and PC-tagged isoforms (data not shown). These data suggest that the PB isoform encoded by CG6151 is widely expressed in the nervous system at most stages of development and in adults.
We generated two different guinea pig (gp115 and 116) antibodies that specifically identify the PB isoform. The PB protein (E) Genomic organization of CG6151 which includes seven exons producing three isoforms (RA, RB, and RC) with distinct C termini. A P element, is localized presynaptically at NMJs (Figure 2A ), which are outlined by the postsynaptic marker Discs large (Dlg) (Lahey et al., 1994) . The anti-PB antibody fails to detect protein in third instar DB25/DB56 animals ( Figure 2B ). As shown in Figures 2C-2H , the PB protein colocalizes with the SV markers Synaptotagmin I (SytI) (Littleton et al., 1993) and Cysteine string protein (Csp) (Zinsmaier et al., 1994) . Similarly, the PB-HA protein colocalizes with SytI ( Figures S2M-S2O ). These data suggest that the PB protein is associated with SVs and presynaptic membranes. The association with SVs was corroborated by probing partially purified and base stripped SVs from adult fly brains ( Figure 2I ), revealing an abundant 21 kDa protein, in agreement with the estimated molecular weight. Hence, the data indicate that the protein is a previously unidentified, integral membrane protein of SVs.
If the PB protein is a SV-associated protein, vesicle release in the absence of endocytosis should lead to its redistribution to the presynaptic membrane. The temperature-sensitive mutant shibire (shi ts1 ), which encodes Dynamin, is essential for SV retrieval but not for vesicle fusion (Koenig and Ikeda, 1989) (Wagh et al., 2006) . Hence, the PB isoform is a SV-associated protein that, upon SV exocytosis, becomes enriched in periactive/endocytic zones (Marie et al., 2004) . We visualized the localization of the PB-HA protein by immunogold EM labeling using an anti-HA antibody with silver enhancement (Koh et al., 2007) . Control flies that do not contain the PB-HA transgene ( Figure S2P ) show very few positive signals compared to flies (DB56/DB56) that carry the transgene ( Figures  2R-2T ). The vast majority of the gold particles are associated with SVs in boutons ( Figures 2R-2U ). However, some of the gold particles are also observed near the plasma membrane (red arrows). These data show that PB is a SV protein that can also localize to the plasma membrane, consistent with the data presented in Figure 2 .
3L5 Mutants Are Impaired in SV Endocytosis
The reduced number of SVs and aberrant size and shape of CPs in R1-R6 terminals, as well as the protein localization at nerve terminals, suggest a possible role in endocytosis. Mutations in genes that affect endocytosis, including endophilin, synaptojanin, lap, dynamin, eps15, and dap160, cause an increase in bouton number at NMJs. However, the number of additional satellite boutons varies widely among the different endocytic mutants and does not necessarily correlate with the severity of the endocytic defect (Dickman et al., 2006; Koh et al., 2007) . We therefore determined whether the number of boutons at mutant thirdinstar larvae is altered. As shown in Figures 2V-2X and S3A-S3C, the mutants display numerous extra boutons which are often small, clustered, and flowery in nature. We therefore named the gene flower. However, the total number of active zones as measured with nc82 (Brp) is similar in mutants and wild-type controls ( Figures S3D-S3F) , suggesting that the number of release sites per muscle is not altered in the mutants. Moreover, the total surface area of the NMJ boutons are also similar in mutants (2104 ± 191 mm 2 in muscle 6, n = 6) and wild-type controls (1656 ± 184 mm 2 in muscle 6, n = 6). The defect in bouton number in flower mutants is rather severe when compared to most endocytic mutants.
Endocytic mutants such as endophilin, synaptojanin, eps15, and dap160 exhibit qualitatively similar defects in synaptic transmission in flies: they display normal excitatory junctional potentials (EJPs) at low stimulation frequencies (0.2-1 Hz) and a rundown when stimulated at 10 Hz (Dickman et al., 2005; Koh et al., 2004 Koh et al., , 2007 Verstreken et al., 2002 Verstreken et al., , 2003 ] o , wild-type controls display facilitation (relative amplitude = 120), whereas mutants display a rundown (relative amplitude = 65; Figure 3F ). In addition, SV release in wild-type controls exhibits posttetanic potentiation (PTP) immediately after a 1 s pause and shift to 0.2 Hz, probably triggered by elevated [Ca 2+ ] i . This PTP is severely impaired in mutants, and the EJPs recover slowly, similar to other endocytic mutants (Dickman et al., 2005) . Hence, these data indicate that flower mutants exhibit a defect in endocytosis.
To determine whether the endocytic defect is sensitive to different [Ca 2+ ] o , we also recorded at 1 mM [Ca 2+ ] o instead of 0.5 mM ( Figure 3G ). Upon a 10 Hz stimulation for 10 min in 1 mM [Ca 2+ ] o , control animals sustain transmission better than the two flower mutant combinations. However, the difference between the flower mutants and the wild-type control in 0.5 mM [Ca 2+ ] o is 60%, whereas in 1 mM [Ca 2+ ] o the difference is 20%. More importantly, the recovery after a shift to 0.2 Hz in flower mutants is significantly faster in 1 mM [Ca 2+ ] o than in 0.5 mM [Ca 2+ ] o suggesting that endocytosis is less defective in these conditions. These results indicate that increased extracellular Ca 2+ concentrations can partially rescue the endocytic defects.
An increase in the SV diameter and quantal size has been reported for many endocytic mutants, including synaptojanin, lap, dap160, eps15, and stonedB mutants (Dickman et al., 2005; Fergestad et al., 1999; Koh et al., 2004 Koh et al., , 2007 Zhang et al., 1998) , possibly because of an aberrant recruitment of clathrin and/or an impaired timing of fission, leading to an increased SV size and content. We observed an increase in the quantal size and a decrease in frequency of mEJPs in flower mutants (Figures 3H and 3I) . Given the increase in quantal size and similar EJP amplitudes, the junctional quantal content estimated from dividing EJP by mEJP in flower mutants is decreased by $29% ( Figures  3J and 3K ). Note however that the total amount of SV membranes that fuse in flower mutants is estimated to be 109% that of wild-type controls as the SVs are significantly larger in flower mutants (see next section).
To establish whether there is a defect in endocytosis, we performed FM1-43 dye uptake assays to label newly formed SVs. ] o and measured total fluorescence of NMJ boutons of the entire muscle 6. As shown in Figures 3L-3N , the mutants exhibit a 57% reduction of dye uptake as compared to wild-type controls. Since the QC is reduced by $29% in the mutants ( Figure 3K ), we estimated the recycling efficiency of SVs by normalizing the fluorescence with the total number of SVs released during stimulation and the total number of release sites in both wild-type controls and mutants (see the Supplemental Experimental Procedures). After normalization, flower mutant boutons exhibit a 41% reduction in dye uptake compared to wild-type controls ( Figure 3O ). These data indicate that flower mutants are defective in endocytosis.
flower Mutants Display a Reduced Number of SVs, Increased SV Size, and an Increased Number of Endocytic Intermediates at NMJs Endocytic mutants exhibit a reduced number of SVs. In addition, several mutants also exhibit an increased heterogeneity in SV size and an increased number of endocytic intermediates (Dickman et al., 2005; Koh et al., 2004 Koh et al., , 2007 Verstreken et al., 2002 Verstreken et al., , 2003 Zhang et al., 1998) . Consistent with this, transmission electron microscopy (TEM) of mutant boutons at rest reveals a reduction in SV density ( Figures 4A, 4B, and 4I) . Furthermore, when neurons were stimulated, control boutons still contained numerous SVs ( Figures 4C and 4I) , whereas flower boutons displayed a severe reduction in number of SVs ( Figures 4D and 4I ). In addition, most of the residual SVs are at active zones similar to endophilin, synaptojanin, and dap160 mutants (Dickman et al., 2005; Koh et al., 2004; Verstreken et al., 2002 Verstreken et al., , 2003 (Figures 4E and 4F) . SVs are also more heterogeneous in size, and their diameter is increased when compared to control boutons ( Figures 4A-4F , 4J, and S4A-S4D), consistent with the increase in mEJP amplitude ( Figure 3H ). Finally, we observed significantly more endocytic intermediates, such as omega structures and collared pits, after stimulation ( Figures 4G, 4H, and 4K ). In summary, flower mutants have ultrastructural defects at NMJs that are consistent with defects in SV retrieval. All the previous data combined with the TEM data provide strong evidence that flower plays a role in endocytosis.
Flower Displays Properties of Ca 2+ Channels
Flower and its homologs display the highest homology in the TM domains. Interestingly, an EAP motif (aa 79-81) in the second predicted TM segment is present in all homologs ( Figure 1G ). fluorescence is significantly reduced in mutants when compared to controls (O). The number of muscle 6 in A3 or A4 segments analyzed is indicated. For electrophysiology, each recording is obtained from one animal (we recorded from a total of 52 animals). For FM1-43 assay, at least 6 animals were used in both wild-type controls and mutants. *p < 0.05; **p < 0.01. Error bars indicate the SEM. Scale bars represent 10 mm in (L) and (M).
Ca 2+ channel has four TM domains, and two of the TM domains carry a negatively charged amino acid (Prakriya et al., 2006) . The CRACM/Orai1 proteins form dimers or tetramers, and each monomer contributes one TM domain to the pore (Gwack et al., 2007; Vig et al., 2006) . Interestingly, the second TM domain of Flower displays sequence similarity with the ion selectivity filters of TRPV5 and 6 ( Figure 5A ). Since Flower has only a single E in the second TM domain, and since at least four negatively charged amino acids should line the pore, we first tested whether Flower was able to form a multimeric protein complex. We introduced two distinct tagged constructs into null mutant animals (DB56/DB56): one in which the PB isoform is tagged with HA, and the other with GFP ( Figure 1E ). Upon coimmunoprecipitation (CoIP), the proteins were eluted with 2% SDS and 2.5% b-mercaptoethanol, boiled for 5 min, and resolved in a 10% SDS-PAGE gel. CoIP of PB-HA with anti-HA antibody allows detection of the PB-GFP protein by western blotting, and vice versa ( Figure 5B ), suggesting that Flower has the ability to form at least a homodimer. To test whether Flower can form higher multimers, the PB-HA proteins from head extracts of PB-HArescued adult flies were immunoprecipitated with anti-HA antibody. To limit the dissociation of possible multimers, CoIP complexes were eluted with the HA peptide, heated in 2% SDS and 2.5% b-mercaptoethanol at 37 C for 10 min, and resolved on a 10% SDS PAGE gel. As shown in Figure 5C , we observed bands consistent with dimers, trimers, tetramers, and higher multimers. Our results indicate that Flower can indeed form higher order multimers, consistent with the possibility that it may form a channel.
Flower Is Required to Maintain the Resting Intracellular Ca 2+ Level in Presynaptic Terminals
Flower localizes to endocytic zones upon vesicle fusion in shi ts1 terminals ( Figures 2N and 2Q) . If Flower mediates a Ca 2+ influx, one would anticipate that these terminals would exhibit a higher -500 500   77  77  22  22  32  32  57  57  35  35  32  32  31  31  37  37  34  34  30  30  59  59  60  60  24  24  62  62  99 and gives a prominent change in fluorescence when bound to Ca 2+ (Ohkura et al., 2005; Reiff et al., 2005) . The experimental paradigm is shown in Figure 5D : third-instar larvae were dissected at 21 C, and the temperature was gradually increased to 34 C to block endocytosis (Delgado et al., 2000; Ramaswami et al., 1994) . Once at 34 C, we measured baseline fluorescence (F 0 ). We then stimulated nerve axons for 6 min at 30 Hz to promote SV release and waited one minute to allow [Ca 2+ ] i to return to resting levels (Macleod et al., 2004) and measured the increase in fluorescence, DF (F R À F 0 ). As shown in Figure 5D , wild-type boutons display a minor increase in DF/F 0 . whereas shi ts1 mutants show a 4-fold increase, indicating that [Ca 2+ ] i is significantly increased. We then attempted to create double mutants of shi ts1 and flower to determine whether loss of Flower can suppress [Ca 2+ ] i and reverse the phenotype, but we were unable to recover double mutants. These data again suggest that Flower plays a role in endocytosis, since other endocytic mutants in combination with shi ts1 also exhibit synthetic lethality (Petrovich et al., 1993 ), but did not allow us to assess whether the increase in [Ca 2+ ] i is controlled by flower. Since Flower is localized to the plasma membrane in resting boutons ( Figures 2R-2U) , it may also affect resting [Ca 2+ ] i levels in terminals. We therefore compared the resting fluorescence level of GCaMP1.6 in NMJ boutons of wild-type controls and mutants. We stained and quantified the level of the GCaMP1.6 protein for normalization. We observed a significant decrease in [Ca 2+ ] i in mutant terminals when compared to controls ( Figure 5E ). These data provide strong evidence that Flower affects [Ca 2+ ] i levels at presynaptic terminals. It is also likely that the release of SVs and incorporation of Flower into the presynaptic membrane modulates the resting [Ca 2+ ] i levels, as these [Ca 2+ ] i levels are increased when most vesicles are integrated into the presynaptic membrane ( Figure 5D ). Figure S5A ) in active secretory Drosophila salivary gland (SG) cells (Farkas and Sutakova, 1998 ) that normally do not express Flower. As shown in Figures  S5C-S5E , a significant fraction of the protein localizes to the plasma membrane in SG cells. The SG cells were immobilized, and fluorescence changes upon incubation in 4 mM Fluo 4-AM, a calcium indicator, in the presence of [Ca 2+ ] o (10 and 100 mM) were measured. Expression of Flower leads to an increase in fluorescence dependent on the calcium concentration ( Figures  6A, 6B, 6D, and 6E) . Similarly, we coexpressed Flower and GCaMP1.6 to examine [Ca 2+ ] i at various extracellular [Ca 2+ ] o .
Heterologous Expression of Flower Allows
As shown in Figure 6F , SGs were dissected and bathed sequentially in different [Ca 2+ ] o (0.1 mM, 1 mM, and 0 mM plus 10 mM EGTA). Similar to the results of Fluo 4-AM, expression of Flower caused a significant increase in fluorescence when compared to expression of the control transgene lacZ. These data suggest that Flower is sufficient to mediate Ca 2+ entry in SGs when ectopically expressed. Given the functional dependence of cation-selective channels on the conserved negatively charged residues (Owsianik et al., 2006; Sather and McCleskey, 2003) , we hypothesized that a mutation that alters glutamic acid (E) in the second TM domain should affect Ca 2+ entry. We therefore expressed the E79Q mutant in SGs. As the E79Q mutant protein is less abundant than the wild-type protein in ten out of ten different transgenes, we used three copies of the E79Q transgene to adjust for protein expression levels. We first determined that the protein was present at SG membranes and at similar levels as the wildtype Flower protein (Figures S5B and S5F-S5H 0 ). As shown in Figures 6C and 6D , the fluorescence associated with expression of the E79Q protein is similar to the negative controls. These data indicate that Flower is sufficient to allow Ca 2+ influx in heterologous cells.
Purified Flower Conducts Ca 2+ in Proteoliposomes
As the function of Flower cannot be assessed using conventional cells, we determined whether the Flower protein can form a Ca
2+
-permeable cationic channel in proteoliposomes. We purified the protein and reconstituted proteoliposomes with the protein to determine whether radioactive 45 
Ca
2+ can enter these liposomes. The Drosophila tagged protein was overexpressed in yeast and purified from membrane fractions by antibody affinity chromagraphy ( Figure 7A ). The purified protein is able to form homomultimers, including tetramers ( Figure S6 ), similar to the endogenous Flower protein, and different crosslinking reagents enrich for multimers ( Figure S6 ). Similarly, these multimers can be resolved on a native gel ( Figure 7B ) (Ramjeesingh et al., 1999) . To carry out the radioactive 45 Ca 2+ influx assay, we used the procedure outlined in Figure 7C . Purified Flower protein was mixed with detergent-solubilized soybean azolectin and dialyzed to remove detergents used to solubilize the yeast extract. Under these conditions, homogeneous proteoliposomes containing purified Flower protein are formed (Moiseenkova-Bell et al., 2008) . As shown in Figure 7B , Flower proteins incorporated into proteoliposomes (PL) also form multimers under nondenaturing conditions. Upon proteoliposome formation, influxes from active zones. However, several reports have documented a requirement for extracellular Ca 2+ during endocytosis (Henkel and Betz, 1995; Kuromi and Kidokoro, 2002; Zefirov et al., 2006) . Furthermore, Kuromi et al. (2004) proposed that a specific Ca 2+ channel is required for SV endocytosis in Drosophila. In the present study, we identify and characterize a SV-and presynaptic membrane-associated protein with three or four transmembrane domains that is evolutionarily conserved but has not been previously characterized in any species. Animals that lack Flower display the typical features of endocytic mutants. These include supernumerary boutons, a low number of SVs in boutons at rest, a severe depletion of SVs upon stimulation (except at active zones), enlarged SVs, a decrease in FM1-43 uptake, a rundown in neurotransmitter release upon repetitive stimulation, and an accumulation of endocytic intermediates.
flower mutants exhibit impaired Ca 2+ handling, even when the boutons are at rest. This argues that Flower plays a role in Ca NMJs in Drosophila (Macleod et al., 2004) . Second, although single SV fusions with the plasma membrane in flower mutants elicit larger amplitudes than in wild-type animals, our data suggest that this is due to the fact that the SVs in flower mutants are larger than wild-type SVs. Indeed, there is a near perfect correlation between the SV size and the size of the mEJPs, as observed in some other endocytic mutants (Koh et al., 2004; Zhang et al., 1998) . This suggests that the Flower protein present in the presynaptic membrane affects the resting Ca 2+ levels, but does not exclude a role for the protein in SVs.
The second TM domain of Flower contains a 9 aa motif similar to the selectivity filters identified in Ca 2+ -gating TRPV channels (Owsianik et al., 2006) . TRPV5 and 6 channels are homo-or multimeric channels that have been shown to form a pore lined by four negatively charged amino acids, similar to VGCCs (Hoenderop et al., 2003 proteins are integrated in the presynaptic membrane, where they mostly localize to periactive zones, known sites for endocytosis (Marie et al., 2004) . A homomultimeric Flower complex then promotes Ca 2+ influx which triggers clathrin-mediated endocytosis. This is also supported by the observation that higher extracellular Ca 2+ alleviates the endocytic defect ( Figure 3G ). We propose that endocytosis removes most, but not all, of the Flower protein, thereby removing a key trigger for endocytosis. Thus, Flower may perform a simple autoregulatory role for itself during endocytosis. This model also addresses how exo-endocytosis coupling may be mediated at presynaptic terminals. The remainder of the Flower protein that is not endocytosed may help to regulate basal Ca 2+ levels.
EXPERIMENTAL PROCEDURES Calculation of Added Membrane
Amount of added membrane (mm 2 ) = JQC 3 4pr 2 , where JQC is the junctional quantal content, and 4pr 2 , is the surface of a sphere (r = SV radius).
Calcium Imaging
NMJs Third-instar larvae of wild-type controls and mutants were dissected at 21 C in HL6 solution (Macleod et al., 2002 ) with 1 mM CaCl 2 and 7 mM glutamate, which desensitizes the glutamate receptors and reduces muscle contractions. So that resting [Ca 2+ ] i could be determined, the resting fluorescence of GCaMP1.6 in NMJ boutons of muscle 13 from hemisegments A2 to A4 were measured. The mean fluorescence density of GCaMP1.6 in boutons of similar sizes in controls and mutants was counted and compared. The amount of GCaMP1.6 protein in boutons was stained and quantified through the use of a rabbit anti-GFP antibody (1:200, Invitrogen). Samples were fixed in 3.7% formaldehyde for 20 min, mounted, and imaged in the same setup with a Zeiss 510 confocal microscope. Equidistant confocal slices were scanned. All fluorescent signals were obtained by Z axis projection and counted with Image J (National Institutes of Health). Background in the muscle was subtracted from bouton labeling. The relative values shown in Figure 5E are the fluorescence signal of GCaMP1.6 normalized by the amount of the GCaMP1.6 protein.
For determination of the fluorescence kinetics of GCaMP1.6 in shi ts1 terminals, samples were gradually heated for $6 min from 21 C to 34 C, and, once the temperature was stabilized at 34 C for 1 min, F 0 was measured. The nerve axon was taken up by the HL6-filled electrode and stimulated at 30 Hz for 6 min, which causes a fusion of all SVs into the plasma membrane in shi ts1 terminals. After a 1 min rest period, DF was determined. The mean fluorescent density of GCaMP1.6 in type Ib boutons of muscle 13 from hemisegments A2 to A4 was measured and quantified. Fluorescent images were captured through a Zeiss Optical objective (model ACHROPLAN 403 water lens) and an AxioCam MRm CCD camera and processed using AxioVision 4.6.3 (Zeiss). In addition, images from different genotypes were captured with a fixed exposure time of 150 ms. All GCaMP1.6 fluorescence signals were processed with Image J. Background in the muscle was subtracted from bouton's signal.
Salivary Glands
All calcium imaging experiments were performed at room temperature (20-22 C), in modified HL-3 solution (HL-3M) (64 mM NaCl, 5 mM KCl, 20 mM MgCl 2 , 16 mM NaHCO 3 , 0.65 mM NaH 2 PO 4 , 5 mM trehalose, 113 mM sucrose). Different concentrations of Ca 2+ were added. Solutions were always oxygenated with a mixture of 95% O 2 -5% CO 2 to maintain the pH at 7.2. All procedures were performed in the dark. Third-instar salivary glands were dissected in cold Schneider's S2 medium and placed on 25mm poly-D-lysine (0.1 mg/ml) -coated coverslips. Loading of the Ca 2+ indicator into salivary glands was achieved by incubation of tissues in a HL-3 M solution with 4 mM Fluo-4 AM (final DMSO concentration is 0.4%), the membrane-permeant form of the fluorescent Ca 2+ indicator (F-14201, Molecular Probes). For
GCaMP1.6 experiments, salivary glands were dissected similarly and incubated with HL-3M in various Ca 2+ concentrations. Fluorescence images were captured through a Zeiss Optical objective (model Plan-NeoFLUAR 2.53) and an AxioCam MRm CCD camera and processed with AxioVision 4.6.3. Images were captured every 10 min during dye loading with fixed exposure time of 2 s. Fluorescence intensity from images was calculated by subtraction of background in the medium and quantified with Image J.
Statistical Analysis
The Student's t test was used in all statistical analyses and performed with GraphPad Prism (GraphPad Software).
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